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This  paper  reports  the  effect  of a  hydrothermal  process  for  alumina  sol  on the  crystal  structure  of alu-
mina  gel  derived  from  hydrothermally  treated  alumina  sol  to help  push  forward  the  development  of
low temperature  synthesis  of  -Al2O3. White  precipitate  of  aluminum  hydroxide  was  prepared  with  a
homogeneous  precipitation  method  using  aluminum  nitrate  and  urea  in aqueous  solution.  The  obtained
aluminum  hydroxide  precipitate  was peptized  by  using  acetic  acid at room  temperature,  which  resulted
in the  production  of a  transparent  alumina  sol.  The  alumina  sol was  treated  with  a  hydrothermal  pro-
cess  and  transformed  into  an  alumina  gel  ﬁlm  by drying  at room  temperature.  Crystallization  of the
alumina  gel  to -Al2O3 with  900 ◦C annealing  was  dominant  for  a hydrothermal  temperature  of 100 ◦Col–gel
ydrothermal process
and  a hydrothermal  time  of  60 min,  as  production  of  diaspore-like  species  was  promoted  with  the  hydro-
thermal  temperature  and  time.  Excess  treatments  with  hydrothermal  processes  at  higher  hydrothermal
temperature  for longer  hydrothermal  time  prevented  the alumina  gel  from  being  crystallized  to  -Al2O3
because  the  excess  hydrothermal  treatments  promoted  production  of  boehmite.
©  2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
Both electro-conductive materials such as gold, silver, and cop-
er and electro-insulative materials such as plastics and glass are
ssential for producing electronic devices such as printed circuits
1–4]. Alumina has excellent properties in thermal conductivity and
lectrical insulation and is inexpensive. These features are utilized
or practical electronic devices [5–7].
There are various crystal structures in alumina, the most electro-
nsulative of which is -Al2O3. -Al2O3 has been conventionally
btained by producing aluminum hydroxide with a liquid phase
ethod using aluminum salts or minerals and annealing the alu-
inum hydroxide at temperatures of 1000 ◦C and higher [8–12].
everal researchers have proposed a sol–gel method, which is
nother representative liquid phase technique, as a candidate for
abricating -Al2O3 [13–15]. Since the sol–gel method is a low
emperature synthesis method that does not require large-scale∗ Corresponding author. Tel.: +81 294 38 5052; fax: +81 294 38 5078.
E-mail address: yoshio.kobayashi.yk@vc.ibaraki.ac.jp (Y. Kobayashi).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2016.05.002
187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).licenses/by-nc-nd/4.0/).
equipment, and it is easy to attain homogeneous compositions, it
is a good candidate for a future process. In all the methods men-
tioned above, the as-prepared materials are required to be annealed
at high temperature to transform them into -Al2O3. However, low
temperature processes for producing -Al2O3 are desired for sav-
ing energy and reducing thermal load on the electronic devices
during fabrication. In a previous work, we  demonstrated that seed-
ing -Al2O3 nanocrystallites into alumina lowered the annealing
temperature for crystallization of the alumina to -Al2O3 [16,17].
There was  a risk, though, that the alumina might become inho-
mogeneous with the seeding, which deteriorates its function. Gas
phase techniques such as chemical vapor deposition and sputtering
can also be used for fabricating -Al2O3 [18–21]. These techniques
are limited to the production of ﬁlms on substrate and require
large-scale and high-cost equipment operated in vacuum, which
is disadvantageous from a practical viewpoint.
Most sol–gel methods for fabricating alumina typically use alu-
minum alkoxide as a starting material [13–15]. Our research group
has also studied the fabrication of alumina with a sol–gel method
using aluminum alkoxide [20]. The main difﬁculty with using alkox-
ide arises from its high cost. Another difﬁculty is that alcohol
produced with the hydrolysis of the alkoxide remains in the ﬁnal
materials, which also deteriorates the function. Bearing this in
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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ind, our group proposed a method for producing alumina with
he use of aluminum salt [22], which is much less expensive than
lkoxide. Aluminum hydroxide was prepared with a homogeneous
recipitation method using aluminum nitrate and urea in aqueous
olution, and alumina sol was obtained by peptizing with acetic acid
t room temperature (inorganic alumina sol). However, alumina gel
roduced from the inorganic alumina sol could not be crystallized
o -Al2O3 by annealing at 900 ◦C.
The hydrothermal process for materials in water promotes crys-
al growth of the materials. Various researchers have reported that
rystallization and crystal growth of material are inﬂuenced by
he hydrothermal process [23–27]. It makes sense then that the
ydrothermal process for alumina sol may  promote crystallization
f alumina to -Al2O3 and its crystal growth. The purpose of the
resent work is to study the effects of the hydrothermal process
or our inorganic alumina sol on the crystallinity of alumina gel,
hich should be useful for the development of a low temperature
ethod for producing -Al2O3.
. Experimental
.1. Chemicals
The starting material for aluminum hydroxide and the
recipitation-inducer for preparing the aluminum hydroxide were
luminum nitrate enneahydrate (Al(NO3)3·9H2O) (98.0%) and urea
99.0%), respectively. The peptizer for aluminum hydroxide was
cetic acid (99.7%). All chemicals were purchased from Kanto
hemical Co., Inc. and were used as received. Water that was ion-
xchanged and distilled with a Yamato WG-250 was  used in all
reparations.
.2. Preparation
The inorganic alumina sol was prepared in accordance with our
revious work [22]. The homogeneous precipitation method was
hen used for producing precipitate of aluminum hydroxide, as fol-
ows. An aqueous solution dissolving the Al(NO3)3 and the urea at
nitial concentrations of 0.2 and 5 M,  respectively, was stirred in a
ermetically sealed glass bottle at 80 ◦C for 8 h, which produced
hite precipitate. The precipitate was aged at room tempera-
ure for 12 h and washed by repeating a process of centrifugation,
emoval of supernatant, addition of water, and sonication three
imes or more. The acetic acid was added to the washed precipitate
t 25 ◦C (room temperature) to peptize the precipitate, in which
he molar ratio of [acetic acid]/[Al3+] was 0.15. With the pepti-
ation process, the precipitate was transformed to a transparent
ol in ca. 12 h after the addition of acetic acid. The transparent sol
as termed ‘precursor alumina sol’. The precursor alumina sol was
reated with a hydrothermal process at 60–160 ◦C (hydrothermal
emperature) for 20–120 min  (hydrothermal time) in a Teﬂon-
ined stainless steel autoclave. The hydrothermally treated sol was
ermed ‘hydrothermal alumina sol’. The precursor alumina sol and
he hydrothermal alumina sol were cast onto a Petri dish. Drying
n air at room temperature converted the sols into solid alumina
els, termed ‘precursor alumina gel’ and ‘hydrothermal alumina
el’, respectively. The solid gel was pulverized with a mortar into
owder and then annealed in air at 900 ◦C with a Yamato FO100
ufﬂe furnace. The temperature was increased up to the target
nnealing temperature at a temperature raising rate of 10 ◦C/min.
.3. CharacterizationThe gels were characterized by X-ray diffractometry (XRD).
amples for XRD measurements were powders obtained by pul-
erizing alumina gel with a mortar. The XRD measurements wereFig. 1. XRD patterns of precursor alumina gels. Samples were (a) as-prepared pre-
cursor alumina gel and (b) precursor alumina gel annealed at 900 ◦C. ©:  -Al2O3.
carried out with a Rigaku Ultima IV X-ray diffractometer at 40 kV
and 30 mA with Cu K1 radiation. The two  main types of crys-
tal structures in Al2O3 are  and . The crystallinity of alumina
gel was studied using their XRD intensities. One of the XRD peaks
due to -Al2O3 and -Al2O3 is detected at 43.4 and 45.8 degrees,
respectively. Since these peaks are far apart, that is, they are not
overlapped, they were used for the study on crystallinity. XRD
intensity ratio of -Al2O3/-Al2O3 was  deﬁned as the peak intensity
(counts per second (cps)) of -Al2O3 at ca. 43–44 degrees divided by
that of -Al2O3 at ca. 45–46 degrees. The ratio for neither the detec-
tion of the XRD peak of -Al2O3 nor that of -Al2O3 was considered
as zero.
3. Results and discussion
3.1. Precursor alumina gel
Fig. 1 shows XRD patterns of precursor alumina gels. Since the
pattern for as-prepared precursor alumina gel was broad, the gel
was more or less amorphous or crystallites that were too ﬁne to be
detected. After annealing at 900 ◦C, peaks appeared at 30–40, 45.8,
and 67.2 degrees. They were attributed to -Al2O3 (according to ref-
erences [28,29] and to a JCPDS card (#29-0063)). This result reveals
that transformation from amorphous or poorly crystallized alu-
mina to -Al2O3 crystallites took place with the annealing. Another
noted point is that no -Al2O3 crystallites were produced with the
annealing at 900 ◦C.
3.2. Hydrothermal alumina gel
3.2.1. Effect of annealing temperature
Fig. 2 shows XRD patterns of hydrothermal alumina gels
annealed at various temperatures, in which the hydrothermal tem-
perature and time for the precursor sol were 100 ◦C and 60 min,
respectively. A broad pattern was detected for the as-prepared alu-
mina gel and the alumina gels annealed at 500 and 600 ◦C, which
indicates that the as-prepared alumina gel was  stable in the states
such as amorphous or ﬁne crystallite even for annealing at a tem-
perature of 600 ◦C. For 700 and 800 ◦C, peaks attributed to -Al2O3
appeared at 30–40, 46.0, and 66.9 degrees. This result reveals that
transformation from amorphous or poorly crystallized alumina to
-Al2O3 crystallite took place with the annealing at 700 ◦C, and
no -Al2O3 crystallite was produced with the annealing at 800 ◦C.
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Fig. 2. XRD patterns of annealed hydrothermal alumina gels. Sample (a) was as-
prepared hydrothermal alumina gel, of which precursor alumina sol was treated
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fith a hydrothermal process at 100 ◦C for 60 min. Samples (b), (c), (d), (e), and
f)  were obtained by annealing the sample (a) at 500, 600, 700, 800, and 900 ◦C,
espectively. : -Al2O3; ©:  -Al2O3.
or 900 ◦C, the -Al2O3 peaks were also detected, and their inten-
ities were almost the same as for 800 ◦C, which indicates that
he species for formation of -Al2O3 were almost crystallized to
-Al2O3, and the amount of -Al2O3 was almost constant even
ith the annealing at 900 ◦C. Since the -Al2O3 also formed for
he precursor alumina gel annealed at 900 ◦C, such species were
onsidered to be produced during not the hydrothermal process
ut the preparation of precursor alumina sol. Besides the -Al2O3
eaks, sharp peaks were detected at 25.6, 35.2, 37.8, 43.4, 52.7,
7.5, and 68.2 degrees. They were attributed to -Al2O3 (according
o references [24,30] and to a JCPDS card (#42-1468)). Transforma-
ion to -alumina usually requires annealing at 1000 ◦C and higher.
n contrast, the -Al2O3 was produced at a temperature as low
s 900 ◦C in the present work. Various researchers have reported
hat diaspore (-AlOOH) can be decomposed directly to -Al2O3
ia no -Al2O3 with annealing at ca. 450 ◦C [31,32]. Accordingly,
he hydrothermal process might have promoted the generation of
iaspore-like species in the sol and the following crystallization of
he gel to -Al2O3.
.2.2. Effect of hydrothermal temperature
Fig. 3 shows XRD patterns of as-prepared hydrothermal alumina
els produced from hydrothermal alumina sols prepared at vari-
us hydrothermal temperatures. A broad pattern was detected for
ll alumina gels, which indicates the production of amorphous or
oorly crystalline alumina gels. There was no signiﬁcant difference
mong the gels. This suggests that the gels were not crystallized
nly by the hydrothermal process, or its effect might not have been
aught by the XRD. The previous section reveals that the annealing
t the temperature as high as 900 ◦C crystallized the hydrothermalFig. 3. XRD patterns of as-prepared hydrothermal alumina gels. Hydrothermal tem-
peratures were (a) 60, (b) 80, (c) 100, (d) 120, (e) 140, and (f) 160 ◦C. Hydrothermal
time was 60 min.
alumina gel to -Al2O3. In this section, the as-prepared hydro-
thermal alumina gels fabricated from the precursor sols that were
prepared at various hydrothermal temperatures were annealed to
promote their crystallization, which would give detailed informa-
tion on effect of hydrothermal temperature on the crystallization.
Fig. 4 shows XRD patterns of annealed alumina gels, of which pre-
cursor sols were prepared at various hydrothermal temperatures.
Fig. 5 shows the XRD intensity ratio of -Al2O3/-Al2O3 plotted as
a function of hydrothermal temperature. For a hydrothermal tem-
perature of 60 ◦C, strong peaks due to -Al2O3 appeared at 46.2
and 66.9 degrees, as well as the peaks for the precursor alumina gel
shown in Fig. 1(b). In addition to these, sharp peaks were detected
at 25.1, 35.2, 37.9, 43.4, 52.6, 57.5, and 68.2 degrees, which were
attributed to -Al2O3. Intensities of the -Al2O3 peaks decreased
with an increase in hydrothermal temperature in the range of
60–100 ◦C. In contrast, intensities of the -Al2O3 peaks increased
with increasing the hydrothermal temperature. The XRD intensity
ratio increased from 0.14 to 0.58 with the increase in the range of
60–100 ◦C. As indicated in Section 3.2.1, the hydrothermal process
promoted the generation of diaspore-like species in the sol and the
following crystallization of the gel to -Al2O3. This promotion was
probably accelerated with the increase in hydrothermal tempera-
ture in this range. Thus, the increase in hydrothermal temperature
in this range was  also found to provide further promotion of crys-
tallization. The intensities of -Al2O3 peaks signiﬁcantly decreased
with an increase in the hydrothermal temperature to 120 ◦C, and
the -Al2O3 peaks disappeared over 120 ◦C. The -Al2O3 peaks
were still detected at 100–160 ◦C. The XRD intensity ratio decreased
from 0.58 to 0.01 with the increase in the range of 100–160 ◦C. This
result indicates that the hydrothermal process at high temperature
deteriorated crystallization of alumina gel to -Al2O3. We  therefore
conclude that the hydrothermal temperature of 100 ◦C for alumina
266 K. Yamamura et al. / Journal of Asian Ceramic Societies 4 (2016) 263–268
Fig. 4. XRD patterns of annealed hydrothermal alumina gels. Samples (a), (b), (c),
(d),  (e), and (f) were obtained by annealing the samples (a), (b), (c), (d), (e), and (f)
from Fig. 3 at 900 ◦C. : -Al2O3; ©:  -Al2O3.
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
60 80 10 0 120 140 160
In
te
ns
ity
 ra
tio
 (c
ps
/c
ps
)
Hydrothermal  temperature (oC)
F
t
s
t
d
t
F
o
c
t
aig. 5. XRD intensity ratio of -Al2O3/-Al2O3 from Fig. 4 as a function of hydro-
hermal temperature.
ol is suitable for the crystallization of alumina gel to -Al2O3. Fur-
her discussion for the hydrothermal temperature over 100 ◦C is
escribed in the following paragraph.
The hydrothermal process is expected to promote crys-
allization of materials in solution. However, as shown in
ig. 4, the crystallization of alumina gel to -Al2O3 deteri-
rated as the hydrothermal temperature increased, which is
ontrary to the expected effect of the hydrothermal process. We
herefore performed further investigation for the high temper-
ture hydrothermal process, treating the as-prepared precursorFig. 6. XRD patterns of as-prepared hydrothermal alumina gels. Hydrothermal
times were (a) 60, (b) 120, (c) 360, and (d) 720 min. Hydrothermal temperatures
were 160 ◦C. : boehmite.
alumina sol with a hydrothermal process for various hydrothermal
times. Fig. 6 shows XRD patterns of as-prepared hydrothermal alu-
mina gels produced from hydrothermal alumina sols prepared at
a hydrothermal temperature as high as 160 ◦C for various hydro-
thermal times. For the hydrothermal time of 60 min, alumina was
amorphous or poorly crystallized because of the broad pattern.
With an increase in the hydrothermal time to 120 min, peaks
appeared at 14.7, 28.1, 38.3, 49.1, 55.1, 64.9, and 72.3 degrees. They
were assigned to those of boehmite (according to references [33,34]
and to a JCPDS card (#21-1307)). There was no signiﬁcant difference
in the boehmite peak intensity among the alumina gels for 120, 360,
and 720 min. This result indicates that the formation of boehmite
was completed at 60 min. Fig. 7 shows XRD patterns of annealed
alumina gels. For all the alumina gels, peaks due to -Al2O3 were
detected at ca. 30–40, 46, and 67, and no peaks due to -Al2O3
appeared. The -Al2O3 peaks appeared to become sharp with the
increase in hydrothermal time. Boehmite is transformed into -
Al2O3 with annealing below 1000 ◦C and crystallized to -Al2O3
with annealing at ca. 1000 ◦C and higher [10,31]. The hydrothermal
process at high temperature promoted the formation of boehmite
such that no -Al2O3 formed with annealing at 900 ◦C. Although
no boehmite peaks were detected for the unannealed gel with the
hydrothermal time of 60 min  (Fig. 6(a)), -Al2O3 peaks appeared
after the annealing. Boehmite-like species might have been gen-
erated in the sol even with the hydrothermal process of 60 min.
This suggests that it is important to not raise the hydrothermal
temperature too much to obtain -Al2O3 with annealing at low
temperature.
3.2.3. Effect of hydrothermal time
Fig. 8 shows XRD patterns of as-prepared hydrothermal alu-
mina gels produced from hydrothermal alumina sols prepared
at 100 ◦C for various hydrothermal times. Since broad and dif-
fuse peaks attributed to pseudo-boehmite were detected for a
hydrothermal time of 20 min, amorphous or poorly crystalline alu-
mina gels were produced. Even an increase in hydrothermal time
did not change the XRD pattern signiﬁcantly. Fig. 9 shows XRD
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Fig. 7. XRD patterns of annealed hydrothermal alumina gels. Samples (a), (b), (c),
and (d) were obtained by annealing the samples (a), (b), (c), and (d) from Fig. 6 at
900 ◦C, respectively. ©:  -Al2O3.
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Fig. 8. XRD patterns of as-prepared hydrothermal alumina gels. Hydrothermal
times were (a) 20, (b) 40, (c) 60, (d) 80, (e) 100, and (f) 120 min. Hydrothermal
temperatures were 100 ◦C.
Fig. 9. XRD patterns of annealed hydrothermal alumina gels. Samples (a), (b), (c),
(d), (e), and (f) were obtained by annealing the samples (a), (b), (c), (d), (e), and (f)
in  Fig. 8 at 900 ◦C, respectively. : -Al2O3; ©:  -Al2O3.
patterns of annealed hydrothermal alumina gels and Fig. 10 shows
the XRD intensity ratio of -Al2O3/-Al2O3 plotted as a function of
hydrothermal time. For the sample of 20 min, peaks due to -Al2O3
were detected at 30–40, 46.2, and 67.2 degrees. At a hydrothermal
time of 40 min, -Al2O3 peaks were also detected. Peaks due to
-Al2O3 appeared at 25.6, 35.2, 43.4, 52.5, 57.7, and 68.3 degrees.
For the sample with no hydrothermal process, no -Al2O3 peaks
were detected, as shown in Fig. 1(b). Accordingly, the hydrothermal
process of even 20 min  promoted the crystallization to -Al2O3.
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Fig. 10. XRD intensity ratio of -Al2O3/-Al2O3 in Fig. 9 as a function of hydro-
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[33] Q. Han, X. Wu,  Y. Liao, D. Li, R. Yue, H. Liu and Y. Chen, Mater. Lett., 95, 9–1268 K. Yamamura et al. / Journal of As
ntensities of the -Al2O3 and -Al2O3 peaks decreased with an
ncrease in hydrothermal time to 60 min, and the XRD intensity
atio increased from 0.02 to 0.58 with the increase in the range
f 20–60 min. The diaspore-like species to be crystallized not to
-Al2O3 but directly to -Al2O3 were considered to be produced
ith the hydrothermal process, and their amount increased with
ncreasing the hydrothermal time. Over 60 min, the -Al2O3 peaks
ere weakened, and the -Al2O3 peaks were still detected; the XRD
ntensity ratio decreased from 0.58 to 0.06 with the increase in the
ange of 60–120 min. The further hydrothermal process probably
ecomposed the diaspore-like species and formed only boehmite-
ike species. Consequently, the intensities of the -Al2O3 peaks
ecreased with the increase in hydrothermal time.
. Conclusion
A homogeneous precipitation method using aluminum nitrate
nd urea in aqueous solution was performed for producing the
hite precipitates of aluminum hydroxide. The addition of acetic
cid peptized the aluminum hydroxide precipitate at room temper-
ture, transforming it into the transparent precursor alumina sol.
he gel produced from the precursor sol was more or less amor-
hous or ﬁne crystallites, and its crystal structure was -Al2O3 after
nnealing at 900 ◦C. The hydrothermal process at the hydrothermal
emperature of 100 ◦C and the hydrothermal time of 60 min  pro-
oted the generation of diaspore-like species in sol. Consequently,
he dominant crystallization of hydrothermal alumina gel into -
l2O3 took place with the annealing. The hydrothermal process at
igh temperature and for longer time generated boehmite and not
iaspore-like species in sol, so that the annealing crystallized the
lumina gel into -Al2O3 and not -Al2O3.
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